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Abstract 
In an effort to obtain nanostructures in bulk Nickel-Titanium (Ni-Ti) shape memory alloys (SMAs) and to carryout their 
characterisation, samples of the alloys with different compositions have been chosen and subjected to severe plastic deformation 
(SPD). The selected Ti-rich alloy in the as-received (AR) condition has martensite finish temperature (Mf) above room 
temperature (RT) and Ni-rich has austenite finish temperature (Af) below RT. SPD method is found to be one of the efficient 
methods to attain nanostructures. SPD of Ni-Ti alloys (Ti-rich and Ni-rich) have been performed by High Pressure Torsion 
(HPT) at RT. The changes in the phase transformation temperatures before and after SPD are analyzed by studying the 
Differential Scanning Calorimeter (DSC) plots. Further, the structural evolution of the samples subjected to SPD in the phase 
transformation temperature region is studied using in situ X-ray diffraction (XRD) from –180 to +180ºC. Heat treated Ti-rich Ni-
Ti samples, previously subjected to HPT, show the same transformation characteristics (transformation temperatures and 
transformation sequence) as those of the as-received ones. But, Ni-rich alloy shows distinct intermediate R-phase transformation, 
both while heating and cooling, after subjecting it to HPT followed by heat treatments. 
 
PACS: 62.20.fg; 81.30.Kf; 81.40Ef; 61.05.cp; 81.07.Bc; 64.70.Nd 
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1. Introduction 
Shape memory effect (SME) is one of the smart features observed in some materials. Among them, equi-atomic 
Nickel-Titanium (Ni-Ti) alloy is best known for its superior shape memory property and superelasticity (SE) [1,2]. 
The basic cause for this unique behavior is known to be thermoelastic martensite phase transformation. The main 
phases involved are austenite (A) at high temperature, martensite (M) at low temperature and, in some cases, 
intermediate rhombohedral (R) phase. There have been several investigations revealing the effects of 
thermal/mechanical treatments on the phase transformation behavior [3,4]. In the recent past, in an effort to obtain 
the ultra-fine structures, understand their effect on the phase transformation behavior and in turn SME/SE, severe 
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plastic deformation (SPD) methods have been adopted. The studies have revealed that nanostructured materials 
having a grain size less than 100nm and submicrocrystalline materials with a mean grain size of a fraction of one 
micron can demonstrate properties significantly different from those of corresponding to coarse-grained ones [5-8].  
Out of several methods of SPD, high pressure torsion (HPT) is the one exhibiting significant influence on the 
phase transformation characteristics [6,9,10]. In their work, Pushin et al., concluded that by implementing HPT 
technique amorphous NiTi alloy may be produced which, upon nanocrystallization annealing, yields nanostructured 
alloy [10]. In Ni-Ti SMAs, SPD by HPT and even cold rolling can cause localized deformation by shear bands that 
destroys the crystalline lattice leading to a crystalline to amorphous transformation. The refinement of the 
microstructure is caused by dislocation accumulation and strain instability leads to large localized plastic 
deformation and to the formation of intersecting bands of nanocrystalline and amorphous phase [11].   
The aim of the present work is to report the results in terms of the phase transformation behavior on account of 
the HPT applied on the Ni-Ti alloys of different compositions (Ti-rich and Ni-rich) at room temperature. The phase 
transformation temperatures before and after SPD, and after the heat treatment of the SPD processed specimens are 
analyzed by studying the Differential Scanning Calorimeter (DSC) plots. Further, the structural evolution of the 
samples subjected to SPD in the phase transformation temperature region is studied using in situ X-ray diffraction 
(XRD). 
2. Experimental method 
Equiatomic Ni-Ti alloys of two different compositions viz., Ni(around 50.8at%)-Ti (Ni-rich) and Ni(49.6 to 
49.4at%)-Ti (Ti-rich), obtained from Memory-Metalle GmbH, Germany, were selected for the study. As per the 
specification, the As-received (AR) Ni-rich alloy is previously subjected to hot rolling and thermal flattening, and 
Ti-rich Ni-Ti alloy is in straight annealed condition. The alloys were cut into specimens of suitable dimensions and 
subjected to SPD by HPT technique. Details of the HPT processing were reported earlier [12]. The rotation of the 
piston was set to be 1250 RPM at room temperature which, resulted in 1188 and 1330 turns for Ni-rich and Ti-rich 
Ni-Ti samples, respectively. After the HPT, the thickness of the Ni-rich Ni-Ti specimen is reduced from 3mm to 
1.6mm and that of Ti-rich Ni-Ti specimen from 6.7mm to 3.8mm. HPT processed separate specimens are subjected 
to heat treatments at temperatures of 300(HPT+HTT300) and 350ºC(HPT+HTT350) for 20mins., and quenched into 
water at room temperature. 
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Fig.1: Thermograms obtained in DSC for Ni-rich Ni-Ti alloy after (a) HPT and (b) HPT+HTT350 conditions. 
AR, HPT, HPT+HTT300 and HPT+HTT350 specimens were cut to around 8x8mm2, mechanically polished, 
chemically etched (using 10%vol HF + 45%vol HNO3 + 45%vol H2O solution) to clean the surface layer, and 
finally washed in ethyl alcohol. For the DSC (SETARAM DSC92) study, samples with a mass ranging from 40 to 
50 mg were cut from all specimens and etched using the above solution. The DSC is provided with the scanning 
temperature range between -90ºC and 500ºC. The thermal cycling is carried out in the transformation temperature 
range with heating and cooling rates being 7.5ºC/min. Thermograms obtained using DSC for Ni-rich Ni-Ti alloy 
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after HPT and HPT+HTT350 conditions are presented in Fig.1 with start and finish of the transformation 
temperatures marked in the plot.  
For XRD analysis, Bruker diffractometer (rotating anode-XM18H, CuK radiation, power of 30kV/100mA, 
D5000 goniometer and HTK450 chamber) was employed with conventional /2 scans at fixed temperatures 
between -180ºC and +150ºC. The temperature steps between the successive scans were decided by monitoring the 
beginning of phase transformations. In the temperature regions where the phase transformations take place, scans 
were performed during holding at constant temperature, with temperature steps of 5K. 
3. Results and discussion 
The phase transformation temperatures obtained from the thermogram plots of the corresponding sample 
conditions are presented in Fig. 2. In Fig. 2a, for the Ti-rich alloy in all the conditions, the transformation 
temperatures attribute to one-step MA phase transformation both while heating and cooling. While compared to 
the transformation temperatures of the AR sample, it is observed that, for the HPT sample, there is a slight decrease 
in Mf and As temperatures, whereas Ms and Af temperatures increase. As a result, both while heating and cooling, 
there is a broadening of the temperature intervals in which the phase transformations take place. For the HPT sample 
after heat treatment at 300ºC, designated as HPT+HTT300 in the plot, there is an increase in Mf and As 
temperatures, whereas Ms and Af temperatures decrease. This result, both while heating and cooling, on narrowing 
of the temperature intervals in which the phase transformations are taking place. After heat treatment at 350ºC, 
designated as HPT+HTT350 in the plot, all the transformation temperatures increase and the phase transformation 
temperature intervals become narrower. 
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Fig.2: Phase transformation temperatures obtained from DSC plots of (a) Ti-rich and (b) Ni-rich Ni-Ti alloys in different conditions. 
In Fig. 2b, for the Ni-rich alloy in the AR and HPT conditions, the transformation characteristics show a one-step 
MA phase transformation, both while heating and cooling. It is observed that for the HPT sample, the 
temperatures corresponding to both phase transformations are higher than those corresponding to the AR sample. 
However, both while heating and cooling, corresponding to MA and AM transformations, respectively, there is 
a narrowing of the transformation temperature intervals. For HPT+HTT300 sample, Ms decreases, As and Af 
increase considerably. Mf decreases to a value below the lower limit of the scanned temperature range. The dashed 
lines represent the trend of the variation of Mf. Further, R-phase transformations are present both while heating and 
cooling. On heat treatment at 350ºC after the HPT processing, i.e., for Ni-rich HPT+HTT350, it is observed that all 
the transformation temperatures tend to increase. 
AR samples and samples subjected to HPT of both alloys are scanned using XRD technique at different 
temperatures in the phase transformation temperature range. 3D view of the XRD profiles obtained while cooling 
and heating are presented in Fig. 3. Miller indices of the diffraction peaks emerging from the corresponding planes 
of the phases are represented by alfa-numerical term in each profile and explained in the caption. In Fig. 3a, for the 
Ti-rich Ni-Ti AR sample, it might be observed that the recording of the XRD pattern is started at 180ºC, where, 
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austenite phase exits, followed by cooling and recording the spectra at different temperatures until the martensite 
transformation is complete, i.e., down to -40ºC. Further, the sample is again heated to observe the transformation to 
austenite, i.e., up to 180ºC to complete the thermal cycle. While cooling from 180ºC to -40ºC, the peak B2(1 1 0) 
corresponding to austenite (B2 – cubic structure) gradually disappears and peaks associated to martensite (B19’ – 
monoclinic structure) gradually grow. The diffraction pattern obtained at -40ºC, shows the peaks corresponding to 
martensite. As the temperature is increased from -40 to 180ºC, the peak corresponding to (1 1 0) of austenite (B2 – 
structure) gradually grows and the peaks corresponding to B19’ martensite gradually disappear. In Fig. 3b, for the 
Ti-rich Ni-Ti sample subjected to HPT, also MA phase transformation behavior is observed. 
 
  
  
Fig.3: 3-D box layout of the XRD profiles obtained during cooling and heating for Ti-rich Ni-Ti alloy in (a) AR and (b) HPT conditions, and 
Ni-rich Ni-Ti alloy in (c) AR and (d) HPT conditions. The designation of the diffraction peaks corresponds to the Miller indices of the phases 
as follows, A1 – B2(110), M1 – B19’(110), M2 – B19’(002), M3 – B19’(111), M4 – B19’(020), M5 – B19’(300).  
−
Fig. 3c shows the phase transformation behavior of Ni-rich Ni-Ti alloy in the AR condition. At 100ºC, the sample 
is found to be in austenite (B2) phase. As the temperature is decreased down to -180ºC, the intensity of the peak 
corresponding to B2(110) decreases. As the cooling progresses, the diffraction peaks corresponding to B19’ 
martensite appear. On heating, the peaks related to B19’ martensite disappear and the peak related to B2(110) 
appears again. Similar phase transformation behavior is observed for the Ni-rich sample after HPT (Fig. 3(d)). 3D 
layout of the XRD patterns obtained at selected temperatures during cooling, followed by heating for both Ti-rich 
and Ni-rich Ni-Ti alloys in HPT+HTT300C and HPT+HTT350C conditions were presented in a recent publication. 
It is clearly observed, the absence and presence of diffraction peaks corresponding to intermediate R-phase 
transformation both while cooling and heating for the Ti-rich and Ni-rich Ni-Ti alloys, respectively [12]. The result 
is in agreement with the transformation temperature profiles obtained by DSC thermogram analyses presented in the 
above Fig. 2.  
The results from DSC and XRD show that the AR samples of both Ti-rich and Ni-rich Ni-Ti alloys undergo one-
step phase transformation. Further, after the alloys are subjected to HPT, the phase transformation behavior retains 
but, the changes of the transformation temperatures are observed as mentioned above. This observation is in 
agreement with the previous results, wherein, it is observed in the investigated TiNi-based crystalline alloys, the 
relatively weak sensitivity of the thermoelastic martensitic transformation to different microstructured states [10]. It 
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is evident that Ni-Ti alloys subjected to SPD have a much distorted, disordered and even amorphous structure, with 
a high level of internal strains [7]. Initially, during the process, a very intense and rapid plastic deformation takes 
place. This causes the specimen to get macroscopically distorted geometrical shape and eventually microscopic 
disorder. Due to the process, the specimen gets heated up and might undergo a short duration annealing in the 
severely strained condition before cooling to room temperature. The resulting condition may lead to accommodate 
several conflicting processes. It is evident from the previous reports that in the Ni-Ti alloys subjected to cold-
working at RT in a rather slow process, phase transformations are found to be suppressed, which eventually 
develops when followed by heat treatment [13,14]. On the other, the HPT deformation of the Ni-Ti facilitates both 
the crystal refinement and the continuous accumulation of amorphous shear bands [15]. Depending on factors, such 
as the previous condition of the HPT specimen, strain accommodated, temperature attained and magnitude of the 
time interval at which the specimen is at high temperature, different final microstructural states will be achieved in 
the specimen. On the one hand, the intense deformation will distort the microstructure and long range order will be 
broken. On the other, the high temperature will have its influence on the recovery and recrystallization of the strains 
and formation of strain free submicrocrystals leading to dynamic recrystallization. In the above result of the 
transformation temperatures obtained from DSC (Fig. 2) for both alloys, it is evident that the HPT process has not 
affected the phase transformation behavior extensively. In the present experimental conditions, large number of 
turns undergone by the specimens during the HPT process together with high number of RPM might lead to 
dynamic recrystallization resulting in phase transformation characteristics little affected.  
However, in the case of Ti-rich alloy, both while heating and cooling, the temperature interval in which the phase 
transformation is taking place has been slightly broadened, indicating a relatively extended process of phase 
transformation. This could be due to the formation of highly distorted areas, especially near the grain boundaries, 
containing very high density of dislocations [9]. In the case of Ni-rich alloy, both while heating and cooling, the 
temperature interval in which the phase transformation is taking place has been narrowed, indicating the ease of the 
phase transformation. Moreover, in the AR condition, the Ti-rich alloy, at RT, is in B19’ phase with monoclinic 
structure, while the Ni-rich alloy is in the B2 cubic structure. Further, it is reported that B2 austenite is more stable 
against amorphization than B19’ martensite [13]. The observations made in the XRD profiles of Figs. 3c and 3d 
above show that the diffraction peaks of both phases are sharper in the Ni-rich alloy after HPT compared to the AR 
specimen. This suggests that, after undergoing HPT process using the specified conditions, the Ni-rich alloy tends to 
show a lower density of structural defects.  
The transformation temperatures of Ti-rich HPT+HTT300 in Fig. 2(a) show the narrowing of the temperature 
intervals in which the phase transformations are taking place. This could be attributed to the recovery of the strain 
and generation of fine grains leading to comparatively smooth transformation between the phases. For 
HPT+HTT350, increase of the phase transformation temperatures is observed. In the case of Ni-rich Ni-Ti alloy, it 
exhibits significant variation in the phase transformation behavior. As observed in Fig. 2(b), for the Ni-rich 
HPT+HTT300 sample, A M transformation temperatures decrease and M A transformation temperatures 
increase, leading to increased hysteresis between the B19’ and B2 phases. Further, there is a distinct intermediate R-
phase transformation, giving rise to two-step phase transformations, both while heating and cooling. The presence of 
the R-phase may be mainly due to the formation of fine coherent Ni-rich Ni4Ti3 precipitates during annealing 
[16,17]. The precipitation of Ni4Ti3 only in Ni-rich Ni-Ti alloy matrix was discussed before, on the basis of the 
presence of R-phase transformation when the specimen previously heat treated at 900ºC was subjected to annealing 
in the temperature range between 300 to 560ºC [18]. 
4. Conclusions 
(i) From DSC thermograms, it is found that the AR samples of both Ti-rich and Ni-rich Ni-Ti alloys undergo one-
step phase transformation. Further, after the alloys are subjected to HPT, the phase transformation behavior retains, 
but the variation of the transformation temperatures is observed. 
(ii) During HPT process at room temperature, Ti-rich Ni-Ti alloy, presenting B19’ structure at RT, tends to attain 
more amorphous nature than that of the Ni-rich Ni-Ti alloys having B2 structure. In fact, in the case of Ni-rich alloy 
higher crystallinity after HPT is suggested. 
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(iii) For both Ti-rich and Ni-rich Ni-Ti alloys in the AR and HPT conditions, XRD profiles, obtained at different 
temperatures in the phase transformation temperature region, confirm the phase transformation characteristic as one-
step, both while heating and cooling. 
In summary, for Ti-rich Ni-Ti alloy, after HPT as well as following the heat treatments, there are no major 
changes in the phase transformation behavior. But, for Ni-rich Ni-Ti alloy, there is a slight change in the phase 
transformation behavior after HPT process and the final heat treatments bring about very significant change, 
namely, the presence of intermediate R-phase transformation. 
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